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they noted, cannot explain why organisms having a "Y-dominant" sex-determination system do not show polyploidy. In such animals, sex is determined by the presence or absence of the Y chromosome regardless of the number of X's or autosomes present (Bull 1983) . Establishment of a polyploid species would not necessarily disrupt sex determination in these animals.
Unfortunately for Muller's theory, it has become clear that a sex-determination mechanism relying on the X-to-autosome ratio, which Muller believed to be "the prevalent type of sex determination" (1925, p. 351) , is not so prevalent. As Sturtevant concluded, "it looks as though Drosophila [its sex-determination mechanism] is a rather exceptional type, even within the order Diptera to which it belongs" (1965, p. 84) . Moreover, it has become clear that Y dominance is fairly common: in mice, for instance, XY individuals are normal males, whereas XO individuals are viable and fertile females (Welshons and Russell 1959) , as predicted under simple Y dominance (sex determination in humans, however, appears to involve weak autosomal or X-linked modifiers; Sutton 1975) . Y dominance is also well documented in the silkworm Bombyx mori, the tipulid fly Pales ferruginea, and in the calliphorid flies Phormia regina and Lucilia cuprina (for a review, see White 1973, pp. 580-581) . Stebbins thus appears justified for concluding that Muller's argument "could hardly be expected to be responsible for the scarcity of polyploidy in the animal kingdom as a whole" (1950, p. 368 ).
Westergaard and Stebbins raised a second objection to Muller's theory: polyploid series are fairly common among dioecious plants. Despite the rarity of dioecy among plants, at least 10 independent polyploid series have been identified (all the species in these series are dioecious, making it extremely unlikely that dioecy evolved after polyploid speciation; Westergaard 1958, table 21 ; see also Ehrendorfer 1961; Dempster and Ehrendorfer 1965) . Moreover, polyploid lines have been produced experimentally in dioecious plants (Westergaard 1958) . If polyploidy is rare among animals because animals are usually dioecious and have genotypic sex determination, then why isn't polyploidy equally rare among dioecious plants With genotypic sex determination? This question remains unanswered.
The last popular explanation of the rarity of polyploidy among animals stresses that a tetraploid individual must cross with a normal diploid. This cross produces triploids that are partially sterile because of the production of many aneuploid gametes. Thus, triploid infertility may represent a substantial barrier to the establishment of a polyploid line (Jackson 1976) . Unfortunately, although triploid partial sterility may lower the chances of polyploid speciation, this factor alone does not seem to provide a satisfactory explanation for the rarity of polyploidy among animals for two reasons. Most important, this hypothesis also cannot explain why polyploidy is rare among dioecious animals but not among dioecious plants: triploid plants should produce aneuploid gametes just as often as triploid animals. Second, several workers have argued that most polyploid speciation events involve a triploid intermediate (review in deWet 1980) . Thus, it is difficult to maintain that triploid fertility difficulties preclude polyploidy. In sum, we are left without an adequate explanation of this remarkable difference between animal and plant speciation.
The purpose of this article is to offer an alternative explanation of the rarity of polyploidy among animals. The argument hinges on the difficulty of establishing a tetraploid line in organisms with a genetically degenerate sex chromosome: although polyploid speciation does not necessarily disrupt sex determination in such species, it does invariably disrupt the balance of X chromosome relative to autosomal gene product normally maintained by dosage compensation.
The reasoning is analogous to Muller's argument: most animals are dioecious and possess a degenerate Y chromosome. Thus, males have the same number of autosomes as females but one less genetically active sex chromosome (for convenience, I assume that males are the heterogametic sex, although the results apply equally to cases of female heterogamety). What Muller could not have realized in 1925 was that most taxa with a genetically degenerate sex chromosome have evolved dosage-compensation mechanisms to ensure an equivalent balance of X to autosomal gene products in the two sexes. Polyploidy disrupts this delicate balance; the resulting "unbalanced" genotypes are almost surely lethal. The argument differs from Muller's in that it can be shown that the establishment of a polyploid species disrupts this dosage balance, whether or not it disrupts sex determination. As shown below, polyploidy may be rare among animals because they often possess a degenerate sex chromosome and common among plants because they rarely possess a degenerate sex chromosome.
DOSAGE COMPENSATION AND POLYPLOIDY
I assume that taxa possessing a degenerate Y chromosome have evolved dosage compensation (the consequences of relaxing this assumption are examined in the Discussion). Two types of dosage compensation are known: Drosophila-like and mammal-like (Bull 1983) . In Drosophila, dosage compensation is achieved by doubling the transcription rate of the single X in males (Lucchesi 1978) . The Xautosomal balance determines whether an X is hypertranscribed (e.g., if X/A = /2 as in a normal male, the X is hypertranscribed; for details, see Jaffe and Laird 1986) . This form of dosage compensation is also found in some crickets (Rao and Ali 1982) .
In mammals, however, dosage compensation is achieved by inactivation of an X chromosome in females (Mittwoch 1967; Bull 1983) . In organisms carrying a normal diploid complement of autosomes, all but one X chromosome is inactivated, regardless of the number present in a cell (Mittwoch 1967) . However, the number of X's that remain active increases with the number of autosomal sets. In general, the number of active X chromosomes per cell is half the autosomal ploidy level (Mittwoch 1967) . Thus, individuals carrying four sets of autosomes have two active X's, regardless of the number of X's present.
Our problem is to consider whether these dosage-compensation systems could maintain a proper balance of X to autosomal gene product during polyploid speciation. As Muller (1925) pointed out, polyploid speciation involves two stages: first, the appearance of a single tetraploid individual, and, second, the establishment of a tetraploid line from this individual (although I consider the establishment of a "tetraploid" line from a "diploid" population, the same arguments 
NOTE.-The genotypes considered are those from fig. 1 . B, balanced; U, unbalanced. * Inconsistent data from two different laboratories; see Jaffe and Laird 1986. apply to the transitions of 4N to 8N and of 8N to 16N, etc.) . Although Muller showed that sex determination can make some paths to the creation of a tetraploid individual difficult or impossible, he acknowledged that tetraploid organisms can readily arise via other paths. Tetraploids can, for instance, arise by somatic doubling in very early development: if a mitotic division fails in a zygote or a very young embryo, a wholly or largely tetraploid individual is created. Somatic doubling appears to be a common pathway to polyploid speciation in plants (Grant 1981, p. 309) . Similarly, a tetraploid individual may arise via the rare fusion of two unreduced (2N) gametes (Grant 1981, p. 309) . Thus, I assume that a tetraploid individual has been produced, and I focus on the problem of establishing a tetraploid line from this individual. I further assume that all tetraploid individuals are viable and fertile (4X: 4A females are viable and fertile in Drosophila; tetraploids should also be viable and fertile under mammal-like dosage compensation). Following Muller (1925) and Dobzhansky (1937, pp. 219-224) , I assume that the first tetraploid individual must mate with a normal diploid individual. We must consider two cases: that in which the first tetraploid individual is a male, and that in which it is a female. Figure IA shows the progeny that result from crossing a tetraploid male with a normal diploid female. I assume, as did Muller (1925) , that a tetraploid male produces IX, IY, and 2A sperm (this pattern of segregation results from the pairing of X with X and of Y with Y, which is the most likely configuration given that the Y is assumed to be degenerate and thus has little homology with the X). Figure lB shows the progeny that result from crossing a tetraploid female with a normal male. Figure IC shows the progeny that result from backcrossing the F1 female with a normal diploid male and from crossing the F1 male with a normal diploid female.
The critical question is whether the genotypes produced during polyploid speciation retain a proper balance of X to autosomal gene product. Table 1 indicates whether the descendants of a tetraploid individual (i.e., the genotypes in fig. 1 ) are genically balanced under each form of dosage compensation. The important point is that, under both forms of dosage compensation, most of the progeny shown in figure 1 are "unbalanced"; that is, there is an improper dose of X relative to autosomal gene product. There are good reasons for believing that such progeny would be inviable or sterile: the doses of X-linked and autosomal genes have been fine-tuned by natural selection to ensure proper interaction between these loci. Indeed, mutants that disrupt dosage compensation in Drosophila, resulting in "unbalanced" individuals, are invariably lethal (Baker and Belote 1983) .
Moreover, in those instances in which the progeny in figure 1 are genically balanced, they are not tetraploid, nor can they lead to the production of a tetraploid stock. Because of several complexities, I examine the Drosophila results last.
Mammalian Dosage Compensation
Under both forms of dosage compensation, the diploid males and females produced in figure 1 are, of course, "balanced." They are of little interest, however, because they possess a normal ploidy level and thus do not lead to the production of tetraploid individuals. Of the remaining six genotypes, four are "unbalanced" and two are "balanced." (A greater-than-diploid complement of autosomes may allow more than one X to remain active, but it does not render any of the 3A genotypes balanced: X-autosomal balance would occur only if 11/2 x chromosomes remained active, an impossibility [Mittwoch 1967, pp. 186-187] .) It is important to note that all of the balanced genotypes have a normal diploid complement of autosomes. Thus, crosses among these individuals or crosses with the normal diploid species cannot lead to establishment of a tetraploid line.
Note that because sex in many mammals may be determined by presence or absence of the Y, sex determination is not necessarily disrupted in these progeny; nonetheless, the normal balance of X and autosomal gene products is disrupted.
Drosophila Dosage Compensation
It is somewhat ironic that Muller and Dobzhansky used Drosophila as a model organism for showing why polyploidy is rare among animals: the Drosophila dosage-compensation system appears more permissive for the establishment of a tetraploid race. As table 1 shows, many of the genotypes produced in figure As Muller and Dobzhansky emphasized, two of these "balanced" genotypes (2X:3A, 2X: 1Y:3A) are actually intersexes and are sterile. However, even if we ignore this disruption of sex determination and assume that all balanced individuals are normal males or females and are thus fully viable and fertile, one cannot establish a true-breeding tetraploid line. I here assume, as Westergaard and Stebbins emphasized, that sex is determined by a Y-dominant system and therefore is not disrupted in these "balanced" genotypes. Nonetheless, it is easily seen that crosses of any of the balanced genotypes with normal diploid individuals cannot yield tetraploid progeny.
Indeed, only one path leads to the production of any tetraploid individuals: if the 2X: IY:3A F1 males produced in figure lB mate with their triploid sisters (instead of each mating with the far more abundant diploid genotype), some 3X: 3A females, 3X: 1Y: 2A males, and 3X: 1Y: 3A males are produced. If these F2 females and males then mate with each other (again, instead of mating with the far more abundant normal diploids), tetraploid females, but not tetraploid males (2X:2Y:4A), are produced in the F3 generation (3X: 1Y:4A males could be produced, but these are unbalanced). In short, a true-breeding line cannot be established because balanced tetraploid males, which carry two Y chromosomes, are never produced. (Strictly speaking, this conclusion assumes that nondisjunction allowing two Y chromosomes to segregate to the same pole in meiosis II does not occur; if one is willing to believe that two generations of highly improbable matings and a well-timed nondisjunction occur, then true tetraploid males can result. Such a concatenation of events seems very unlikely, to say the least.)
Other Dosage-Compensation Systems How dosage compensation is achieved is understood only in genetically wellknown organisms. It is quite likely that additional dosage-compensation mechanisms exist (indeed, recent work suggests that the nematode Caenorhabditis elegans achieves dosage compensation differently from Drosophila or mammals [Plenefisch et al. 1989 ]; the details, however, remain too unclear to allow consideration here). It is thus important to realize that the near impossibility of establishing a tetraploid race in organisms with a degenerate Y does not depend on any peculiar properties of the Drosophila or mammalian dosage-compensation systems. Indeed, it is difficult to imagine any system of dosage compensation capable of maintaining an X-autosomal balance during polyploid speciation.
To demonstrate this, I consider two unknown but plausible dosage-compensation mechanisms in table 1. These hypothetical systems are analogous to the two known cases but are "triggered" by the Y chromosome. In the first, compensation is achieved by hypertranscription of the X, as in Drosophila. However, whether hypertranscription occurs is determined by the presence or absence of the Y chromosome: the X chromosome is hypertranscribed whenever a Y chromosome is present (if 2 X chromosomes and a Y chromosome are present in a cell, each X is hypertranscribed). In the second system, compensation is achieved by inactivating an X in females, as in mammals. However, whether inactivation occurs is determined by the presence or absence of the Y: all but one X is inactivated in cells lacking a Y chromosome.
As table 1 shows, most of the genotypes produced in figure 1 are unbalanced under both of these hypothetical forms of dosage compensation. Further consideration reveals that it is impossible to derive a tetraploid line from crosses involving any of the balanced genotypes under either form of dosage compensation. DISCUSSION 
Y Degeneracy and Polyploidy
It is clear that polyploidy is common among monoecious and hermaphroditic organisms and is rare among dioecious organisms. Exactly what prevents polyploidy in most dioecious organisms, however, is far less clear. The discussion here shows that, among dioecious organisms possessing a genetically degenerate Y chromosome, polyploid speciation invariably disrupts the balance of X to autosomal gene product normally maintained by dosage compensation. Because these unbalanced genotypes are almost surely inviable, it is difficult to see how organisms possessing a degenerate Y could successfully give rise to a polyploid line. Thus, Y degeneracy, which is extremely common among dioecious organisms (Bull 1983) , may represent a considerable barrier to polyploid speciation.
One should bear in mind that I have not considered an additional difficulty facing a dioecious organism during polyploid speciation: it may also prove difficult to maintain a proper balance of Y chromosome to autosomal gene product in the descendants of a tetraploid individual. Although this problem is, of course, less serious than that of X-autosomal balance because the Y carries few active genes, it cannot be ignored. The 2X: IY:3A genotype, for instance, is considered balanced under Drosophila-like dosage compensation; it is not clear, however, whether a single Y chromosome would interact properly with three sets of autosomes (in fact, in Drosophila these individuals are sterile [Bull 1983 ], although it is unclear whether the sterility results from disruption of sex determination or from Y-autosomal imbalance).
The above discussion merely shows that Y degeneracy places a constraint on speciation by polyploidy. The most important question, however, remains: does this constraint actually account for the remarkably uneven distribution of polyploidy across taxa, for example, its rarity among animals? This question can be settled only by testing several predictions that follow from the Y-degeneracy hypothesis. These predictions are discussed below.
Predictions
Because the present hypothesis emphasizes the difficulty of maintaining a proper balance between sex chromosomes and autosomes in taxa in which the sexes have a different number of active sex chromosomes, dioecy per se should not prohibit polyploidy. Instead, polyploidy should be very rare or absent only among dioecious organisms that possess a genetically degenerate sex chromosome.
Thus, the present hypothesis predicts that polyploidy should be possible among dioecious taxa that have environmental sex determination. Polyploid speciation should also be possible among taxa that have a simple (e.g., single-locus) form of genotypic sex determination. The reason is that, in taxa in which both sexes have two genetically active sex chromosomes, the descendants of a tetraploid individual do not necessarily experience any X-autosomal imbalance. (To see this, note that if the Y, which carries a "maleness" allele, is genetically active, both 3X: 3A and 2X: IY: 3A individuals are balanced. Crossing these two genotypes could then give rise to a line with the tetraploids 4X:4A or 3X: lY:4A.)
This prediction appears fulfilled: although polyploidy is extremely rare among dioecious animals, some exceptions exist. In particular, a fair number of polyploid populations and species are known among bisexual amphibians (see list in Bogart 1980) . Interestingly, Bogart (1980) noted that the sex chromosomes appear to be "in an initial state of differentiation for those groups which do demonstrate polyploidy" (p. 361; see also Kobel and Du Pasquier 1986) . The coincidence of these two rare conditions in dioecious animals-polyploidy and undifferentiated sex chromosomes-would seem to provide considerable support for the hypothesis that Y degeneracy precludes polyploid speciation.
Most important, the present hypothesis also predicts that polyploidy should be possible among dioecious plants as long as they do not possess a genetically inert Y chromosome. As noted above, polyploid series are well known in dioecious plants. Stebbins (1950) and Westergaard (1958) considered this fact a grave difficulty for Muller's theory.
Thus, a critical question facing the present hypothesis is how degenerate Y chromosomes are among dioecious plants. Several lines of evidence strongly suggest that genetically inert Y chromosomes are rare among dioecious plants.
First, as recently as 1983, only four cases of heteromorphic sex chromosomes were well documented among plants: Cannabis sativa (Cannabaceae), Humulus spp. (Moraceae), Rumnex spp. (Polygonaceae), and Silene (= Melandrium; Caryophyllaceae) (Mittwoch 1967; Bull 1983) . Heteromorphic sex chromosomes have been looked for, but not found, in a large number of dioecious plants (Allen 1940; Mittwoch 1967 ) (although heteromorphy is not equivalent to Y degeneracy, there should be a strong correlation between the two because degeneracy should lead to heteromorphy). Moreover, in some plants, sex chromosomes are known to exist, but the sex-determining genes are apparently restricted to a rather small region of the chromosome; the rest of the X and Y appear homologous, and the homologues are cytologically indistinguishable (e.g., spinach, Spinacia oleracea; lizuka and Janick 1963). Furthermore, XO individuals are rarely recovered in dioecious plants, suggesting that the Y is active and essential in at least the gametophyte stage; XO individuals are, of course, frequently observed in animals (see Bull 1983, p. 261) . Last, but certainly not least, YY individuals are viable in some plant species (Lloyd 1974) , proving that the Y is not degenerate.
More detailed genetic inforrnation is available in the best-studied example of polyploidy in a dio.ecious plant, the experimentally produced autotetraploid race in Silene (= Melandrium) dioicum (review in Westergaard 1958) . The production of a tetraploid line in Silene was considered strong evidence against Muller's explanation of the rarity of polyploidy among animals (Stebbins 1950; Westergaard 1958) . It is important to realize, however, that the Y chromosome is not inert in Silene: there is a region on the large Y chromosome that is homologous with much of the smaller X, and chiasma are frequently formed in this region (Westergaard 1940 (Westergaard , 1958 . Moreover, even though few mutants have been mapped in Silene, several genes with an autosomal pattern of inheritance are known on the sex chromosomes, proving that the Y is not genetically depauperate (Westergaard 1940 (Westergaard , 1958 .
Considering several such lines of evidence, Mittwoch (1967, p. 50) concluded that sex chromosomes having a small differential region but a large nondegenerate region of homology may be common among dioecious plants. There are, moreover, two good reasons to believe that degenerate Y chromosomes should be rare among plants. First, dioecy is undoubtedly of recent origin in most plants: most dioecious species are the exceptions among otherwise hermaphroditic or monoecious genera (Westergaard 1958) . Because the evolution of heteromorphic sex chromosomes involves the gradual degeneration of one of the homologues following the evolution of restricted recombination (Charlesworth 1978; Bull 1983) , one would expect less degenerate Y's in taxa in which dioecy has recently evolved (Westergaard 1958; Bull 1983) . Second, gene expression frequently occurs in the haploid gametophyte stage of plants. As Haldane (1933) pointed out, because half of these gametophytes bear a Y (but no X), extensive degeneration of the Y may well be deleterious. In animals, however, little haploid expression occurs (review in Bull 1983) , and thus nothing would prevent the evolution of extreme Y degeneracy (Haldane 1933) .
In sum, there are sound reasons for believing that the Y should be less degenerate among plants than animals, and the available evidence tends to support this prediction. Nonetheless, more direct genetic data from dioecious plants are desirable. The present explanation clearly predicts that the Y is not very degenerate among dioecious plants showing polyploid series; the opposite finding would falsify this hypothesis.
Finally, under the present explanation, speciation by polyploidy should be easier among taxa lacking dosage compensation than among taxa with dosage compensation. Birds and lepidopterans, for example, apparently lack dosage compensation (Bull 1983) . Because these taxa normally tolerate a twofold difference in X dose between the two sexes-and thus the sexes experience different balances of X to autosomal gene product-it seems reasonable to expect that they could also tolerate the upsets in X-autosomal balance commensurate with polyploidy better than taxa that have evolved dosage compensation.
This prediction must be qualified, however. First, it is not certain that lepidopterans and birds lack dosage compensation along most of the X: very few loci have been investigated in either group (Johnson and Turner 1979; Baverstock et al. 1982 ). Second, it is possible that some of the genotypes appearing among the descendants of a tetraploid individual would suffer an X-autosomal imbalance even more severe than that tolerated by normal males and females (e.g., the IX: 1Y:3A and 3X:2A genotypes); it is unclear whether these individuals would be viable and fertile. If these genotypes are unfit, then polyploid speciation could not occur in these taxa despite the absence of dosage compensation. These two issues could be cleared up in some of the genetically better-known lepidopteran species: more X-linked loci must be tested for dosage compensation. Furthermore, unbalanced genotypes could be produced experimentally and tested for viability and fertility, as has been done in Drosophila. If most of the X proves to be uncompensated and if these unbalanced genotypes prove to be viable and fertile, then the prediction holds: polyploid speciation should be possible among these taxa.
It is perhaps worth noting that experimental polyploids have been successfully produced in the butterfly Bombyx mori, although the males are apparently highly sterile (for a review, see Bungenberg 1957) . It is also interesting to note that the Lepidoptera show the greatest range in chromosome number of any animal group (from N = 7 to N = 220), with many closely related species having very different chromosome numbers (White 1973, pp. 417-418) . Although White argued that this immense variation has probably resulted from frequent dissociations and fusions, he acknowledged that one cannot rule out the possibility of polyploid speciation. Clear evidence of polyploid series may have been obscured by subsequent minor dissociations and fusions, and extinction of intermediate species would also complicate the situation. As White noted, these possibilities could be disentangled by measuring DNA content in related species with very different chromosome numbers. Unfortunately, these measurements have apparently not been made.
In conclusion, several predictions of the present hypothesis appear fulfilled. Most important, polyploidy occurs among bisexual animals and dioecious plants lacking well-differentiated sex chromosomes. Nonetheless, it is clear that far too few data exist for a conclusive test of the notion that Y degeneracy explains the unusual distribution of polyploidy across taxa. We especially require more information about the extent of sex-chromosome differentiation among dioecious plants. More information about Y degeneracy and sex determination among polyploid bisexual amphibians and about dosage compensation and DNA content among Lepidoptera species is also desirable. Until these data are gathered, we are left without any well-tested explanation for the prevalence of polyploidy in plants and its rarity in animals.
SUMMARY
No satisfactory explanation of the rarity of polyploidy among animals exists. In taxa possessing a degenerate Y chromosome, polyploid speciation invariably disrupts the balance of X to autosomal gene product normally maintained by dosage compensation. This dosage balance is upset whether or not sex determination is disrupted. This factor may explain the distribution of polyploidy across taxa. In particular, plants may commonly show polyploidy because degenerate sex chromosomes are rare (first, because dioecy is rare, and second, because extreme Y degeneracy is rare among dioecious plants). Animals may rarely show polyploidy because degenerate sex chromosomes are common. Several predictions are discussed.
